A polymer containing azobenzene side groups each with an organic free radical end was synthesized. Before irradiation by an Ar ϩ laser beam, the polymer was magnetically isotropic. However, with the irradiation of a polarized Ar ϩ laser beam, the photoisomerization and reorientation of the azobenzenes took place bringing about a magnetic anisotropy in the radical containing polymer film. The magnetic anisotropy was studied by using a superconducting quantum interference device. It was found that when the applied magnetic field HϷ1 Oe, the magnetization M z (H) in the direction perpendicular to the polymer film was 3.63ϫ10 Ϫ4 emu/g, while those parallel to the polymer film were M x (H)ϭM y (H)ϭϪ1.1ϫ10
I. INTRODUCTION
The magneto-optic effects of the molecular based magnetic materials and the molecular quantum materials science have drawn much attention 1,2 because of their potential applications in molecular-device technology. In particular, the photomodulation of intermolecular magnetic coupling is of great interest. The magnetic interaction between two magnetic centers is determined mainly by the structural symmetry of material and the nature of the bridging component. The magnetic properties of a material are sensitive to both the molecular and the micropattern changes. Iwamura et al. 3 reported a biradical system with two stable nitronyl nitroxide (Sϭ1/2) covalently bridged by an azobenzene component, in which the modulation of magnetic coupling between the two radicals was evidenced by electron paramagnetic resonance during the trans-cis photoisomerization of the azboenzene bridge. However, this azobenzene molecule could not be made to form good quality optical film both because of the poor processability of the low-molar mass material and because of the poor stability of the photoinduced orientation and micropattern. It is well known that organic polymers have good film processability and very high bulk viscosity below glass transition temperatures, therefore, the problem met with low-molar mass systems may be solved by incorporating the free radicals and the azobenzene functional groups in the polymer.
In this work, we synthesized a polymer that has a polymethacrylate backbone and azobenzene side groups with an organic free radical end ͓Fig. 1͑a͔͒, and then investigated the photoinduced reorientation of the azobenzene and the magnetic anisotropy in the polymer film. We found that the polymer film is magnetically isotropic before irradiation by an argon-ion laser beam (ϭ514.5 nm). However, after irradiation by a polarized laser beam, the polymer became magnetically anisotropic.
II. EXPERIMENT
The synthesis of the organic free radical-azobenzene polymer TEMPO-PAZ ͓Fig. 1͑a͔͒ was described elsewhere. 4 TEMPO-PAZ is a comblike copolymethacrylate with organic free radical azobenzene fragments in side chains connected to the polymer backbone. To make the films, 10 mg of the polymer were dissolved in 1 ml of chloroform and the solution was cast onto glass substrates.
The experimental setup is shown in Fig. 1͑b͒ . A watercooled continuous-wave Ar ϩ laser operating at 514.5 nm was used as the light source for writing. The polarization direction of the laser beam was set along the x axis, the intensity of the beam was 15 mW/cm 2 . In order to study the photoinduced reorientation of the azobenzene molecules, the ellipsometry technique 5 was used as shown in Fig. 1͑b͒ ͑bottom͒. The system consists of a low power He-Ne laser (ϭ632.8 nm), a polarizer, a SoleilBabinet compensator for the light wavelength of ϭ632.8 nm, the sample mounted on the rotation stage, and an analyzer also mounted on the rotation stage. Behind the rotating analyzer, the transmission ͑T͒ of the He-Ne laser beam was detected by a power meter. The polarizer was fixed with its transmission axis at 45°to the horizontal direction. When the system did not contain the investigated polymer film, the analyzer was crossed with the polarizer and no light of the He-Ne laser beam was leaked through the system.
III. RESULTS AND DISCUSSION
Before the polymer was irradiated, it was optically isotropic as shown under cross-polarized optical microscopy. However, with the polymer film irradiated by a beam of vertically polarized Ar ϩ laser light for 5 min, we observed a rotating angle ͑͒ dependence of the transmission of the He-Ne laser beam as shown in Fig. 2 if the film was first placed between the crossed polarizer and analyzer ͓middle of Fig. 1͑b͔͒ , the transmission axis of the polarizer was set along the y axis, and the rotating of the sample was around the z axis ͑the normal direction of the polymer film͒. This experimental result indicates the generation of a macroscopic optical axis 6 due to the photoinduced reorientation of the azobenzene fragments. Because the input Ar ϩ laser beam was polarized along the x axis, the optical axis of the polymer film must be along the y axis due to the photoisomerization and reorientation of the trans-azobenzene fragments to perpendicular to the polarization direction of the writing Ar ϩ light. 7, 8 In order to determine the three-dimensional distribution of the rodlike azobenzene molecules, an ellipsometry technique was employed. The He-Ne laser beam passing through the polarizer has two equal components along the x and the y axes, respectively. The ellipticity of the He-Ne laser beam exiting the polymer film depends on the phase shift between the ordinary and the extraordinary waves. The Soleil-Babinet compensator converts the elliptically polarized light into linearly polarized light. The direction of the linearly polarized light was determined by rotating the analyzer to a position of minimum light transmission at an angle which is connected to the (n y Ϫn x )d as (n y Ϫn x )d ϭ /180 ͑for the case of normal incidence. ϭ632.8 nm, d is the thickness of the film͒. By rotating the irradiated polymer film an angle around the x axis, the threedimensional distribution of the azobenzene fragments could be determined. The results are presented in Fig. 3 . In fact, the trans-azobenzene molecules were rodlike and exhibit uniaxial optical properties. The highest refractive index of the trans-azobenzene molecules is in the direction of the long molecular axis. The measured versus curves are shown in Fig. 3 , where B and C correspond to the rotation of the polymer film around the x axis after and before being irradiated, respectively. These results reveal that n y Ϫn x Ͼ0, and n x Ϫn z ϭ0. The highest index along the y axis implies that azobenzene molecules are aligned along the y axis. The magnetic properties of the radical-azobenzenecontaining polymer were studied by using superconducting quantum interference device ͑SQUID͒. Before being irradiated, the polymer was magnetically isotropic as shown in Fig. 4͑a͒ . The magnetization along the x axis (M x ) was equal to those along the y and z axes (M y and M z , respectively͒, that was M x ϭM y ϭM z . Thus, before irradiation, the azobenzene polymer was in fact in the isotropic state.
After being irradiated by the x-axis direction polarized Ar ϩ laser beam (ϭ514.5 nm), the polymer film became magnetically anisotropic, as shown by Fig. 4͑b͒ . Two significant observations can be made from Fig. 4͑b͒: ͑i͒ under an applied field of HϷ1 Oe, M z ϭ3.63ϫ10
Ϫ5 emu/g and ͑ii͒ The facts that M z is much greater than M x and that M x is almost equal to M y indicated both the in-plane magnetic isotrope and the out-of-plane magnetic anisotropy in the film.
It is well known 7, 8 that azobenzene molecules underwent photoisomerization when irradiated by an Ar ϩ laser beam. As described herein, the light induced structure was optically positive uniaxial with the optical axis aligned along the y axis and the azobenzene molecules showed a planar alignment with the longer molecular axis in the y-axis direction. From Fig. 1͑a͒ , we know that the stable organic free radical was connected to each azobenzene unit. It is reasonable to assume that planar alignment of the azobenzene molecules should also have resulted in an alignment of the spin of the radical. Thus, the alignment of the azobenzene molecules should have induced the magnetic order structure of the stable organic free radical. The symmetry and structure changes induced by an Ar ϩ laser beam gave rise to the difference of the magnetic behaviors of the radical-azobenzene containing polymer. The magnetic coupling between radicals is described 9 by HϭϪ2JS 1 S 2 . The coupling parameter J can become sufficiently larger due to an effective spin alignment of the radical-azobenzene molecules. 9 This increases the measured magnetization in one direction, and leading to the magnetic anisotropy of the organic radical-azobenzenecontaining polymer.
IV. CONCLUSION
A radical-azobenzene-containing polymer was synthesized. The molecular reorientation of the azobenzenes was achieved by polarized Ar ϩ laser beam and was determined by using ellipsometry. It was found that the longer axis of the azobenzene fragments was aligned along the y axis perpendicular to the polarization direction of the exciting laser beam. The orientational ordering in turn brought about a magnetic anisotropy of the radical-azobenzene polymer film. FIG. 4 . Applied field dependence of the magnetization (Tϭ5 K) for the radical-azobenzene polymer. ͑a͒ Before illumination with Ar ϩ laser light, the radical-azobenzene polymer exhibited magnetic isotropy as measured by SQUID. ͑᭹͒: H along the x or y axis; ͑͒: H along the z axis. ͑b͒ Irradiated by vertically polarized Ar ϩ laser beam, the polymer exhibited magnetic anisotropy. ͑᭹͒: H along the y axis; ͑͒: H along the x axis; ͑᭡͒: H along the z axis.
